Type 2 diabetes is a complex, heterogeneous group of metabolic disorders that has reached epidemic proportions, affecting over 5% of the population in western countries. The pathophysiology of type 2 diabetes includes two apparently distinct defects, ie impairments in insulin action at the level of skeletal muscle, fat and liver, and a failure in insulin secretory capacity of pancreatic ␤-cells. There is strong evidence that genetic factors play an important role in both of these components given the familial nature, the high concordance rate between monozygotic twins, and the high prevalence in certain ethnic groups. 1 However, identifying genes that confer susceptibility to type 2 diabetes has proven problematic. The search for diabetes-predisposing genes has mainly relied on two complementary approaches: (1) the candidate genes analysis; and (2) the positional cloning using genome-wide linkage analysis. A number of genes have been screened as putative candidates and several polymorphisms in coding and promoter regions have been tested in case-control association studies. So far, only one gene predisposing to the common form of type 2 diabetes has been identified by positional cloning, 1 while this approach was successfully employed to identify genes responsible for rare monogenic forms of diabetes such as maturity-onset diabetes of the young (MODY). [2] [3] [4] [5] [6] [7] Here, I will review results of studies of 'functional' and 'positional' candidate genes predisposing to type 2 diabetes, focusing on those that may influence the variability in patients' response to antidiabetic drugs or may be amenable to pharmacological intervention.
CANDIDATE GENE STUDIES
Although considerable effort has been devoted to identify genes that contribute to diabetes susceptibility, the genetic basis of common forms of type 2 diabetes has not yet been identified. The study of candidate genes is one of the most popular approaches to this question. A candidate gene is defined as a gene whose protein product has important functions in insulin secretion, insulin action, and/or adipose metabolism. Although abnormalities in insulin receptor activation appear to be the earliest defects in most patients with type 2 diabetes, mutations in the insulin receptor gene have been only described in rare syndromes of severe insulin resistance such as type A insulin resistance, Leprechaunism, and Rabson-Mendenhall. 8 However, these mutations typically behave in a recessive manner and cause severe insulin resistance only if they are present in the homozygous or in the compound heterozygous state. Although it is estimated that 1-2% of patients with common forms of type 2 diabetes are heterozygous carriers, it is unlikely that mutations in the insulin receptor gene are responsible for more than a small fraction of the variation in insulin sensitivity observed in the diabetic population. More than 60 potential candidate genes have been screened in the search for type 2 susceptibility genes and several common variants have been identified in many of these genes (Table 1) .
Gene Involved in Adipogenesis
The common Pro12Ala variant in the peroxisome proliferator-activated receptor ␥ (PPAR␥), a nuclear hormone receptor that regulates adipogenesis by acting as a heterodimer with retinoid X receptor (RXR), has been associated with a decreased risk for type 2 diabetes in several studies. 9, 10 The Pro12-Ala variant showed in vitro a modest decrease in both binding affinity to the cognate promoter element and ability to transactivate responsive promoters, which may account for the lower body mass index and improved insulin sensitivity observed in individuals carrying the variant. 9 Accordingly, heterozygous knockout mice of PPAR␥ ϩ/Ϫ showed increased insulin sensitivity and appear to be protected from high fat diet-induced adipocyte hypertrophy, obesity, and insulin resistance. 11 These findings may seem at odds with the antidiabetic effects of thiazolidinediones, a new class of antidiabetic drugs that improves insulin sensitivity by acting through PPAR␥ receptors. However, recent studies have attempted to explain the mechanisms whereby both pharmacological activation of PPAR␥ by thiazolidinediones and moderate reduction in PPAR␥ activity can lead to amelioration in insulin resistance. 12, 13 The results of these studies have led to the hypothesis that pharmacological activation of PPAR␥ markedly increases triglyceride content of adipose tissue, thereby decreasing triglyceride content of skeletal muscle and liver, leading to improvement of insulin sensitivity at the expense of body weight gain due to increased adipose tissue mass. 12 These changes were accompanied by stimulation of adipocyte differentiation and apoptosis, thereby increasing the number of small adipocytes, which eventually lead to amelioration of insulin sensitivity presumably via a decrease in molecules causing insulin resistance such as free fatty acids and tumor necrosis factor ␣ (TNF␣). 12 Moderate reduction in PPAR␥ activity as observed in PPAR␥ ϩ/Ϫ mice, or partial impairment in its function, as seen in carriers of the Pro12Ala variant, would ameliorate insulin sensitivity by decreasing triglyceride content of adipose tissue, skeletal muscle, and liver due to a combination of increased leptin expression, reduced expression of lipogenic enzymes, increased fatty acid combustion and energy dissipation. 12 These changes were accompanied by reduction in body weight due to decreased adipose tissue mass, which results in a decrease in free fatty acids and TNF␣. 12 The data showing that moderate reduction in PPAR␥ activity resulted in amelioration of insulin sensitivity have been further confirmed by the observation that treatment of mice with RXR or PPAR␥ antagonists results in changes similar to those observed in PPAR␥ ϩ/Ϫ mice leading to protection against high fat dietinduced obesity and associated insulin resistance. 13 However, other explanations may account for the increased insulin sensitivity observed in PPAR␥ ϩ/Ϫ mice including differential interaction of co-activators or repressors with PPAR␥ receptors in the heterozygote state. The identification of a novel role for PPAR␥ in obesity and insulin resistance associated with type 2 diabetes may inspire novel therapeutic strategies including both PPAR␥ agonists and antagonists for obesity and obesity-linked type 2 diabetes.
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Genes Involved in ␤-cell Function Another common polymorphism that has been shown to decrease protein function is the Gly972Arg change in the insulin receptor substrate 1 (IRS-1). [14] [15] [16] [17] [18] Both diabetic patients and glucose-tolerant subjects carrying the Gly972Arg IRS-1 variant are characterized by impaired insulin secretion. 17 In addition, human pancreatic islets isolated from carriers of this variant and rat ␤-cell line transfected with and expressing Gly972Arg IRS-1 exhibited defects in binding of the p85 subunit of PI 3-kinase to IRS-1 and IRS-1 associated PI 3-kinase activity. 15, 18 These changes caused a marked decrease in insulin secretion in response to glucose or sulfonylurea. 15 Two variants, a synonymous ACC→ACT substitution in the exon 18, and a c→t intron variant in position Ϫ3 of the exon 16 splice acceptor site (IVS15-3c→t), in the high affinity sulfonylurea receptor (SUR1) gene, have been reported to be associated with type 2 diabetes. 19 Interestingly, carriers of both the exon 18 C/T or T/T and the IVS15-3c→t c/t or t/t genotypes are characterized by lower insulin secretion upon tolbutamide injection. 20 Although the two common variants in SUR1 and IRS-1 have been variably associated with type 2 diabetes and their pathogenetic role in secondary failure to sulphonylurea therapy has not been directly addressed, in vivo and in vitro evidence suggests that these two single nucleotide polymorphisms may represent potential examples of pharmacogenomics in type 2 diabetes. In spite of intense investigation, no single major disease-predisposing mutations in candidate genes have been thus far identified. Studies on candidate genes often take the form of association studies, which can be carried out in either related or unrelated subjects. Population stratification, ie the existence of more than one ancestral source of a population's gene pool, represents a major limitation of this study design. In addition, it is likely that failure of candidate gene analysis to detect diabetes-predisposing genes results from a low prior probability of the involvement of the few gene polymorphisms examined in the overall risk of the disease. 21 Other limitations of candidate gene studies are related to modest sample size that can fail to detect true associations as well as to lack of replication in different populations due to genetic background factors. 21 Moreover, the search for genetic defects that contribute to the development of type 2 diabetes has proven to be problematic due to the fact that: (1) it is genetically heterogeneous, ie in a given population not all individuals with diabetes have the same genetic defects; (2) it is polygenic with complex inheritance patterns, ie a single individual exhibits a disorder due to simultaneous inheritance of two or more defects; and (3) interaction between genetic predisposition and environmental factors such as diet, physical activity, and age are required to result in overt diabetes. Thus, mutations or polymorphisms causing only modest defects in protein function, such as the Pro12Ala PPAR␥ or the Gly972Arg IRS-1 variants could significantly impair glucose homeostasis when coupled to other genetic or environmental factors.
Genes Involved in Thermogenesis
Another question that may complicate the search for a susceptibility gene for type 2 diabetes is that a certain gene could have tissue-specific divergent effects on glucose homeostasis. This issue has been raised from recent studies on the metabolic role of uncoup-ling protein-2 (UCP2), a member of the mitochondrial inner membrane carrier family that is highly expressed in adipose tissue and pancreatic islets. 22, 23 Like the homologous prototype UCP1, UCP2 mediates a mitochondrial proton leak, releasing energy stored within the protonmotive force as heat which, ultimately, results in a decrease in ATP production. Because an increase in ATP promotes insulin secretion in pancreatic ␤-cells, UCP2 could be a negative regulator of insulin secretion. In support of this view, UCP2 knockout mice showed higher serum insulin and C-peptide levels, and improved glucose tolerance. 22 In addition, pancreatic islets from UCP2 knockout mice exhibited increased ATP levels and increased insulin secretion. 22 Expression of UCP2 was increased in pancreatic islets of ob/ob mice, a model of obesity-induced diabetes. More importantly, crossing ob/ob mice with UCP2 knockout mice resulted in ob/ob mice lacking UCP2 that, although still severely obese, showed amelioration in insulin secretion and glucose tolerance. 22 Thus, an increased expression or activity of UCP2 in pancreatic ␤-cells may contribute to impair insulin secretion in type 2 diabetes. In contrast with these results, it has been reported that the common Ϫ866 G→A polymorphism in the promoter of the human UCP2 gene, which enhances its transcriptional activity, is associated with increased mRNA levels in human fat cells and a reduced risk of obesity, the major risk factor for type 2 diabetes. 23 These data have led to the hypothesis that an increase in UCP2 levels in adipocytes of carriers of the Ϫ866 G→A polymorphism may have beneficial effects on adiposity by increasing energy expenditure. However, recent studies have shown that the activity of UCP2 was lower than that of UCP1 and its role as uncoupling protein has been confuted. 24 The results of these studies raise the possibility that potential pharmacological agents for type 2 diabetes, such as inhibitors of UCP2 activity, may have beneficial effects on a specific tissue, ie pancreatic islets, but detrimental effects on another one, ie adipose www.nature.com/tpj tissue. It thus may be necessary to design tissue-specific approaches in order to achieve a decrease in UCP2 in pancreatic ␤-cells that leads to an increase in insulin secretion, and a simultaneous increase in UCP2 in fat to promote weight loss and energy expenditure in subjects with type 2 diabetes and obesity.
Genes Involved in ␤-cell Function of MODY Some rare forms of diabetes result from mutations in a single gene. Among these, maturity-onset diabetes of the young (MODY) is an autosomal dominant disease accounting for approximately 2% of all diabetes patients; thus far, six forms of MODY have been identified, each involving mutations in genes that play an important role in ␤-cell function. These genes include hepatic nuclear factor-4␣ (HNF-4␣, MODY1), glucokinase (associated with MODY2), HNF-1␣ (MODY3), insulin promoter factor-1 (IPF-1, MODY4), HNF-1␤ (MODY5) and NUROD1/BETA2 (MODY6). [2] [3] [4] [5] [6] [7] It has been recently reported that MODY3 patients with HNF-1␣ mutations exhibit altered insulin secretory responses to glucose 25 but are more sensitive to sulfonylureas than type 2 diabetic patients. 26, 27 Although the molecular mechanism underlying this hypersensitivity to sulfonylureas is unknown, treatment of MODY3 patients with sulfonylureas, which is the commonest therapy in all forms of MODY, should be cautiously introduced due to the considerable risk of hypoglycemia.
GENOME-WIDE LINKAGE ANALYSIS
Genome-wide linkage analysis is another traditional approach that has been employed to identify susceptibility genes for type 2 diabetes. This approach allows regions of chromosomal DNA to be identified that are shared (linkage) among affected family members to an extent that would not be expected by chance alone. The increasing availability of large numbers of highly informative genetic markers, including microsatellite markers composed of short nucleotide repeats, and, more recently, single nucleotide polymorphisms (SNPs), has allowed whole genome screening to identify chromosomal regions that are linked with type 2 diabetes by genotyping family members. A gene located in a chromosomal region that has been found to be linked to type 2 diabetes is referred to as a positional candidate. A gene whose encoded protein might not be considered itself as a candidate by virtue of its function may suddenly became a plausible candidate by virtue of its presence in a linked region.
Calpain 10, the First Positional Candidate Gene
Linkage studies in Mexican-American families localized a susceptibility locus for type 2 diabetes, termed NIDDM1, on chromosome 2q37. 3 . 28 This locus appears to act in concert with another one on chromosome 15 to increase susceptibility to diabetes in American Mexicans. 29 The gene encoding calpain-10, a nonlysosomal cystein protease, was positionally cloned within the NIDDM1 region. 30 One SNP (UCSNP-43), a G→A transition within intron 3 of the calpain 10 gene, was associated with diabetes and evidence for linkage. Among Pima Indians, a population with a very high incidence and prevalence of type 2 diabetes, G/G homozygous carriers were characterized by higher fasting glucose, and 2-h insulin levels, and decreased rates of glucose disposal and oxidation. 31 However, G/G homozygosity at UCSNP-43 was not associated with a significantly increased risk of diabetes, but rather specific haplotypes, which include UCSNP-43 in combination with two other polymorphisms within the calpain 10 gene. 30 The calpains are a superfamily of calcium-activated neutral proteases that are widely distributed in tissues. Calpains have been implicated in a variety of cellular processes including apoptosis, proliferation, differentiation, and may regulate intracellular signalling, adipocytes differentiation, 32 as well as insulininduced downregulation of IRS-1. 33 Calpain 10 is expressed in three important tissues responsible for glucose production (liver), glucose uptake (skeletal muscle), and insulin production (pancreatic ␤-cells), 30 each of which is functionally defective in type 2 diabetes. Recent in vitro studies have shown that nonspecific calpain inhibitors increase the insulin secretory response to glucose in mouse pancreatic islets, but reduce insulin-mediated glucose transport in isolated rat muscle strips and adipocytes. 34 Thus, calpain 10 may be considered as a component of a new pathway involved in insulin action and, possibly, insulin secretion that may include substrates, inhibitors and activators, each of which could be amenable to pharmacological intervention. Interestingly, another gene of the calpain family, the calpain 3 gene, is located in the region of chromosome 15 containing the susceptibility locus that interacts with NIDDM1 to increase susceptibility to diabetes in American Mexicans.
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Other Diabetes-Susceptibility Chromosomal Loci
The results of genome scans for type 2 diabetes have indicated the presence of diabetes-susceptibility loci on chromosome 1q in Pima Indians 35 and Caucasians, 36 on chromosome 11q in Pima Indians, also linked to BMI, 35 on chromosomes 3,4,9 and 10 in Mexican Americans, 37 and on chromosomes 12q and 20q in Finnish. 38, 39 Another susceptibility locus for type 2 diabetes has been mapped to chromosome 3q27, where the adiponectin (also known as Acrp30 and AdipoQ) gene is located. 40 Two further loci on chromosomes 3 and 14, respectively, have been linked to plasma adiponectin concentrations. 41 Adiponectin is one of the proteins secreted by adipose tissue, referred to as 'adipokines', which include also leptin, TNF␣, adipsin and resistin. Although the pathophysiological role of these adipokines remains to be firmly established, several reports indicate that they play an important role in fat metabolism, feeding behavior, energy balance and insulin sensitivity. Recent studies have shown that adiponectin expression is reduced in omental and subcutaneous adipose tissue of obese type 2 diabetic patients. 42 Plasma adiponectin con-
The Pharmacogenomics Journal centrations are reduced in obese and type 2 diabetic subjects and are correlated to insulin resistance. 43, 44 More importantly, administration of adiponectin to animal models of obesity-induced diabetes results in a decrease in glucose, free fatty acid and triglyceride plasma levels, amelioration of insulin resistance, and reduction in triglyceride content in muscle and liver. 45, 46 The site of action of adiponectin remains controversial. Some authors suggest that it acts by enhancing the anti-gluconeogeonic effects of insulin in liver 46 while others suggest that adiponectin increases fatty acid oxidation and energy dissipation in muscle, leading to a decrease in tissue triglyceride content, free fatty acid and triglyceride plasma levels. 45 Although these results are preliminary and uncertainty remains regarding the mechanism of action of adiponectin, these studies raise the intriguing possibility that adiponectin or its synthetic analogs might represent a novel pharmacological approach to type 2 diabetes.
CONCLUSIONS
The model for the progression of type 2 diabetes is characterized by an initial state of insulin resistance leading to increased ␤-cell insulin secretion with compensatory hyperinsulinemia. As long as hyperinsulinemia is adequate to overcome insulin resistance, glucose tolerance remains normal. When the ␤-cell fails to compensate, insulin secretion cannot keep pace with the underlying insulin resistance and glucose intolerance and, eventually, frank diabetes occurs. This model suggests a number of potential points where one might intervene to manage or even possibly to prevent type 2 diabetes. These include the resolution or reduction of insulin resistance, treatment of ␤-cell failure or both. A major advantage of the Human Genome Project is that it will allow the identification of more 'functional' or 'positional' candidate genes for type 2 diabetes and will allow the structural and functional characterization of even the most elusive of human genes. In addition, the genome project will help to find new potential pharmacological targets including enzymes, receptors, substrates and transcription factors whose function is directly or indirectly related to type 2 diabetes. But identifying true disease-related genes on the basis of their putative role in insulin action and secretion may be misleading, as illustrated by the unexpected role of calpain 10 as susceptibility gene for type 2 diabetes. 30 As the molecular mechanism regulating insulin secretion and insulin action unfolds, we will have increasing possibilities to elucidate the role of specific signaling elements in insulin action and ␤-cell function, and to design efficacious, safe and convenient pharmacological interventions.
